To test the hypothesis that changing neutralizing antibody responses against human immunodeficiency virus type 1 (HIV-1) during chronic infection were a response to emergence of neutralization escape mutants, we cloned expressed and characterized envelope clones from patients in the Multicenter AIDS Cohort Study (MACS). Pseudotyped HIV-1 envelope clones obtained from differing time points were assessed for sensitivity to neutralization by using sera from different times from the same and different patients. Clones from early and late time points during chronic infection had similar neutralization sensitivity, and neutralizing antibody responses cross-reacted with early, late, and heterologous envelopes. The potential for broadly effective HIV-1 immunization is supported.
To test the hypothesis that changing neutralizing antibody responses against human immunodeficiency virus type 1 (HIV-1) during chronic infection were a response to emergence of neutralization escape mutants, we cloned expressed and characterized envelope clones from patients in the Multicenter AIDS Cohort Study (MACS). Pseudotyped HIV-1 envelope clones obtained from differing time points were assessed for sensitivity to neutralization by using sera from different times from the same and different patients. Clones from early and late time points during chronic infection had similar neutralization sensitivity, and neutralizing antibody responses cross-reacted with early, late, and heterologous envelopes. The potential for broadly effective HIV-1 immunization is supported.
The phenotypic evolution of lentiviruses is thought to be significant in disease pathogenesis. Mutations in the human immunodeficiency virus type 1 (HIV-1) envelope gene alter cellular host range and neutralization epitopes of the virus (3, 4, 6) . A general, progressive broadening of the neutralizing antibody response after HIV-1 seroconversion is well documented (1, 16, 21, 24) . Whether this broadening is a response to envelope mutations causing antigenic variation or a progressive response to antigenically stable, infecting virus is pertinent to strategies for broadly effective HIV-1 immunization. HIV-1 envelope mutants emerging through escape from neutralization in vivo or in vitro in the presence of sera from infected people have been described previously (15) . Mutations in variable regions of the envelope which change specificity of interaction with antibodies have been observed during the early postseroconversion time period or under the selective pressure of monoclonal antibodies (8, 10, 11, 14, 28) . Later during infection or under the selective pressure of polyclonal human serum, mutations have been observed at sites which are distant from neutralization epitopes but which, nevertheless, alter general sensitivity to neutralization (2, 17-20, 22, 23) . Resistance to neutralization mediated by nonepitope mutations can result from mutations that alter gp120 conformation or insertional mutations which add glycosylation sites in the V2 and V4 regions of the envelope (2, 18-20, 22, 23, 29) .
Previously, we reported a study demonstrating the evolution of the specificity of neutralizing antibodies in 10 homosexual men monitored over a 5-year period (21) . Sera from each patient from multiple time points were tested for neutralization of nine different strains of HIV-1. Increasing neutralizing antibody titers against one or more of the virus strains developed in each patient, while in the same patients titers against other strains remained unchanged or declined. The participants included in the study were males who had enrolled in the Multicenter AIDS Cohort Study (MACS) in 1984, who were infected with HIV-1 at the time of their enrollment, and who had been continuously monitored approximately every 6 months since then (9, 21) . The participants were also selected from the MACS cohort because their CD4 ϩ cell counts were Ͼ400/mm 3 at entry and they remained clinically well, with counts above 200/mm 3 , for 5 years of study. These characteristics indicated that these patients were likely to be in the postacute, early phase of chronic HIV-1 infection at the time they entered the study. Patients in the early stages of chronic HIV-1 infection are competent to develop antibody responses to viral vaccines and should be competent to develop similar responses to antigenically variant escape mutants during this period of infection (30) . Neutralizing antibodies generally develop within 6 months of initial HIV infection, and responses to new antigenic variants in these patients may have developed in a similar time period (23) . If the neutralizing antibody responses we had observed in this previous study were induced by emergence of antigenically variant escape mutants, we anticipated that these variants would have developed approximately during the 6-month interval before the responses occurred.
We hypothesized that the changes in neutralizing antibody specificity we had observed were induced by escape mutants with antigenically altered neutralization epitopes. To test this hypothesis in the present study, envelope genes from peripheral blood mononuclear cells (PBMC) from four of the same patients (patients 3, 4, 6 and 8 in the earlier study) were cloned, expressed on pseudoviruses, and characterized. These four patients were selected from among the 10 on the basis of increases in their neutralizing antibody titers that began more than 1 year after enrollment in the study. Plasma samples and PBMC collected from these patients during their first 5 years of participation in the MACS were used. The plasma samples that were used in this study were obtained at entry into the MACS and approximately at annual intervals thereafter (MACS visits 1, 3, 5, 7, 9, and 11). The cryopreserved PBMC were selected to correspond to the earliest PBMC samples available (early samples corresponded to either visit 1 or 2) or to the samples collected at the visit immediately preceding a visit at which increases in neutralizing antibody titers had been observed (late samples corresponded to either visit 3 or 4). The two PBMC samples from each individual were selected from samples collected at visits at least 1 year apart. Patient PBMC were cocultivated with normal human PBMC to obtain virus replication (13, 21) . RNA was extracted from reverse transcriptase (RT)-positive cell culture fluids. The earliest culture fluid extracts which yielded positive results on RT-PCR were used as sources of genes for cloning. The env genes were cloned from DNA synthesized by RT-PCR as previously described (20, 21) . The plasmids pNL4-3.Luc.E-R-(N. Landau, Aaron Diamond AIDS Research Center, the Rockefeller University) and pSV7d (P. Luciw, University of California, Davis, and R. L. Burke, Chiron Corp.) were used for envelope gene expression and pseudovirus construction (5, 25) . The 293T cell line was used for transfections (Rockefeller Institute) (12) . , provided by N. Landau) were used for infections and neutralization assays (25) . Cloned genes were expressed on pseudoviruses by transfection of 293T cells in 24-well plates. Plasmids carrying inserts of appropriate size were screened for function by infection of HOS-CD4-CCR5 cells. Genes encoding envelopes which mediated virus entry sufficient to produce luminescence of Ն100 times background were selected for use in this study. The number of functional genes obtained from each PBMC culture varied from 4 to 11; approximately one-half of these yielded luminescence results in the screening assay of Ն100 times background.
Of 676 plasmid clones which carried inserts of appropriate size that were screened for function, 52 (7.7%) were functional. Functional envelopes were tested in pseudovirus neutralization assays, as described previously (20, 21) . The reference HIV-1 neutralizing sera 1 and 2 and the normal control serum were used as positive and negative controls in these assays (provided by L. Vujcic and G. Quinnan, ARRRP, catalog no. 1983, 1984, and 2411) (26, 27) . Each neutralization assay was performed in triplicate, and each assay was conducted three times. The 90% inhibitory endpoints were calculated by a modified ReedMunch method, as described previously (20, 21) . This endpoint determination method yields good test-to-test consistency and titers similar to those obtained in conventional virus neutralization assays with the same virus strains (21) . The cloning and expression of envelope genes from pNL4-3 and pNL(SF162) and patients 9 and 10, prepared in our earlier study, and methods for DNA sequencing have been previously described (21) . The primers used for nucleotide sequencing encompassed a region beginning in C2 and extending into V4. Sequencing was conducted on both strands.
RT was detected in and functional envelope clones were obtained from the cultures of cells from the early samples from patients 4, 6, and 8 and from the late samples from all four patients. In each case the genes which produced the highest luminescence in the screening assay were selected for further study. Six envelope gene clones were selected from the late PBMC culture from patient 4, and three envelope clones were selected from each of the other samples. There was a high level of similarity among the late clones from patient 3 and from the early clones from each of patients 4, 6, and 8; the percentage of divergence in nucleotide sequence was 0.0 to 0. 0.0 to 1.1, and 0.0 to 0.6 for the four sets of clones, respectively, calculated by the methods of Higgins and Sharp (7) . All the late clones from patients 4, 6, and 8 differed from their respective early clones, varied among themselves somewhat more than the respective early clones, and in each case appeared to have evolved from a progenitor common to the early clones, as illustrated in Fig. 1 . The percentages of divergence in comparisons of these sets of late clones to the early clones from the same patients were 1.7 to 2.5, 0.2 to 1.4, and 0.9 to 6.6, respectively. Thus, even though the early clones appeared to represent a highly homogeneous population of viruses in each case, the changes observed in the late clones appeared to represent the diversity that existed in the quasispecies mixture that preceded the early clones and did not demonstrate the emergence of dominant mutants from the populations represented by the early clones.
Pseudoviruses expressing each of the clones were evaluated for capacity to infect HOS-CD4 cells expressing either CCR5 or CXCR4, as exemplified by the results shown in Fig. 2 . The three clones from visit 4, patient 4, which are not shown in the figure, behaved similarly to those which are shown. All of the pseudoviruses expressing envelope clones from the patients were infectious for HOS-CD4-CCR5 cells, as shown in the figure, but not for HOS-CD4-CXCR4 cells (data not shown), while the NL4-3 and SF162 pseudovirus controls were infectious for cells expressing CXCR4 and CCR5, respectively. NL4-3 pseudovirus was about 10-fold more infectious for cells expressing CXCR4 than CCR5, as expected.
Pseudoviruses expressing each of these envelopes were tested for neutralization by the HIV-1 neutralizing sera 1 and 2. More clones were neutralized by serum 2 than serum 1, as would be expected based on the known greater neutralizing cross-reactivity of the former. The clones from given samples from individual patients did not differ significantly among themselves in sensitivity to neutralization by these sera, and neither did early and late clones from patient 6 or 8 (data not shown). The late clones from patient 4 were similar to the early clones but were in three separate comparisons up to fourfold more resistant and averaged about twofold more resistant to neutralization than the early clones. These results may indicate a minor difference in neutralization sensitivity between the early and late clones from patient 4.
Neutralization of pseudoviruses expressing the different envelope genes by homologous sera from different time points is FIG. 2. Infectivity of pseudoviruses expressing primary envelopes from study patients for HOS-CD4 cells expressing CCR5 or CXCR4, as reflected in luciferase activity in infected cells. Designations take the form of P#-N/nn, indicating the patient number (#), visit number (N), and number (nn) of each clone. The NL4-3 and SF162 pseudoviruses have been previously described and were used as experimental infectivity controls (21) .
shown in Fig. 3 . Each patient developed increases in neutralizing antibody titers against all homologous pseudoviruses tested, including the three early and three late clones from patient 4 which are not shown in the figure. The three clones from patient 3 were each sensitive to increases in neutralizing antibodies during the same time period, as were the early and late clones from patients 6 and 8. The three early clones from patient 4 detected increases in neutralizing activity at an earlier test date than the late clones. However, the neutralizing activity detected by these early clones continued to increase during the time in which increases were detected with the clones from visit 4. Thus, in each case the early and late clones were generally similar regarding the detection of neutralizing antibody responses occurring after the late clones were obtained.
The extent of cross-reactivity of the neutralizing antibody responses detected was evaluated by testing sera from the different patients against pseudoviruses from the different patients, as shown in Table 1 . For each patient, preresponse (year 1 or 2) and postresponse (year 3 or 4) sera were selected and tested for neutralization of pseudoviruses obtained from the other three patients. The neutralization by these sera of pseudoviruses from patients 9 and 10, which was described previously, is also shown for comparison (21) . In the sera from patient 3 there was a 16-fold increase in titer against homologous pseudovirus and 4-, 4-, and 8-fold increases in titer against pseudoviruses from patients 4, 6, and 9, respectively. The changes against the other pseudoviruses tested were Յtwofold. In the sera from patient 4 there was a 16-fold increase in titer against homologous pseudovirus and 8-, 4-, 32-, and 4-fold increases against pseudoviruses from patients 3, 6, 8, and 10, respectively. In the sera from patient 6 there was a 32-fold increase in homologous neutralization, and increases of 8-, 16-, 8-, and 4-fold against pseudoviruses from patients 3, 4, 8, and 9, respectively. In the sera from patient 8 there was an 8-fold increase in homologous neutralization, and 4-, 32-, and 16-fold increases in neutralization titers against pseudoviruses from patients 4, 9, and 10, respectively. Thus, each of the patient's responses cross-reacted with three or four of the heterologous pseudoviruses tested, and each of the pseudoviruses was recognized by the increase in antibody titers in two, three, or four of the patients.
The broadening of the neutralizing antibody response that characterizes chronic HIV-1 infection could result from the accumulation of responses to antigenically variant forms of virus and/or slow development of responses against stable epi- FIG. 3 . Neutralization of pseudoviruses expressing HIV-1 envelopes from each study patient by sera from the same patients from which the envelopes were derived. These sera had been collected at approximately annual intervals since the patients' enrollment in the MACS. topes (15, 16, 23) . If the changes in neutralizing antibodies found in our patients were induced by antigenically variant epitopes resulting from escape mutation, early clones which lacked the variant epitopes would not have been recognized by the responses induced by the later variant clones. Levels of neutralizing activity against the early clones would have remained unchanged or decreased, while those against the late clones, expressing the epitope against which the response was directed, would have increased. Our finding that the early envelope clones were recognized by the neutralizing antibody responses just as well and, in some cases, earlier than the late clones obtained just before the responses, is inconsistent with the responses having been induced by new antigenically variant epitopes. Rather, the data are more consistent with the responses being directed against epitopes which are conserved throughout the duration of antecedent infection studied. The conserved nature of these epitopes is further evidenced by the cross-reactivity of each of the four patients' responses against the majority of heterologous, primary virus envelope pseudotyped viruses tested. While we did not find evidence that escape mutants with antigenically variant epitopes had emerged antecedent to the neutralizing antibody responses, the development of neutralization resistance as a result of mutations at sites distant from neutralization epitopes is well documented in work by our laboratory and others (20, 22, 23, 29) . There is substantial concern that the use of envelope proteins of primary, neutralization-resistant viruses in vaccines may be necessary to induce neutralizing antibody responses that are broadly cross-reactive among primary viruses. The neutralizing antibody responses we describe here, using CCR5 tropic primary envelopes, were temporally coincident with those we have described previously in the same patients with laboratory-adapted T and M tropic strains of HIV-1 (21) . Thus, these responses were directed at epitopes conserved among strains of varying tropism, laboratory passage history, and neutralization sensitivity. Definition of the cognate epitopes for these responses may reveal epitopes that could be presented in vaccines to achieve broadly effective immunity. If HIV can present its envelope to infected patients in such a way as to achieve these responses, it should be possible to present antigen to uninfected individuals and achieve similar responses.
Nucleotide sequence accession numbers. The clones sequenced and their GenBank accession numbers (in parentheses) are as follows: for patient 3, P3-3/35 (AF130388) and P3-3/39 and P3-3/49 (AF130389); for patient 4, P4-1/140 and P4-1/153 (AF130390), P4-1/162 (AF130391), P4-4/6 (AF130395), P4-4/9, P4-4/13, and P4-4/15 (AF130393), P4-4/17 (AF130394), and P4-4/116 (AF130392); for patient 6, P6-2/126 (AF130396), P6-2/134 and P6-2/145 (AF130397), P6-4/41 (AF130398), P6-4/54 (AF130399), and P6-4/55 (AF130400); for patient 8, P8-1/2 (AF130402), P8-1/6 and P8-1/10 (AF130401), P8-4/46 (AF130403), P8-4/47 (AF130404), and P8-4/49 (AF130405).
